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Mass-selected clusters of the para-dichlorobenzene cation (p-CgH4Cl,*, pDCB*) are characterized by
vibrational and electronic photodissociation spectroscopy in a molecular beam expansion. Infrared (IR)
spectra of pDCB*-L, with L=Ar (n=1-7) and L=H,0 (n=1) and (pDCB),*-Ar, with n <2 are recorded
in the C-H stretch range in the 2By, ground electronic state of pDCB*. The IR spectra with L=Ar dis-
play essentially no shift as a function of the cluster size and approximate to high accuracy the hitherto
unknown IR spectra of pDCB* and its (pDCB)," dimer. In addition to the two IR active C-H stretch fun-
damentals at 3095 and 3107 cm™!, several intense combination bands are detected and assigned in
the 2800-3100cm~! range for pDCB*. Comparison with the spectrum of neutral pDCB demonstrates
structural changes upon ionization, which are consistent with the results of quantum chemical calcu-
lations performed at the B3LYP/6-311++G** level. Analysis of the photofragmentation branching ratios
for pDCB*-Ar, yields a binding energy of ~550cm~! for the roughly equivalent w-bonded Ar ligands.
The IR spectrum of pDCB*-H,0 displays broader transitions with only minor redshifts (~5-15cm™1)
due to the stronger intermolecular interaction. The C-H stretch spectrum is consistent with a m-bonded
charge-dipole configuration. The IR spectrum of (pDCB),*, as inferred from the spectrum of the Ar-tagged
species, is rather different from those of pDCB* and pDCB, indicative of a charge-resonance type inter-
action in this homodimer cation. The electronic spectra of the B 2Bz, < X ZBzg transition near 500 nm
are reported for pDCB*-Ar, pDCB*-N;, and pDCB*-H,0. Only small shifts of the electronic origin transi-
tion are observed upon complexation, indicating little change in the intermolecular interaction energy
upon electronic excitation. This conclusion is also supported by the modest excitation of unresolved
intermolecular modes, suggesting that also the geometry changes in these clusters are small upon B <~ X
excitation.
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1. Introduction

Aromatic molecules and their interactions with the surround-
ing environment are vital for chemical and biological recognition
phenomena [1-3]. To understand these processes at the molecu-
lar level, a plethora of spectroscopic studies have been performed
on aromatic clusters isolated in molecular beams, yielding impor-
tant information about fundamental properties of the various types
of their intermolecular interaction potentials [4-9]. In comparison
to their neutral counterparts, spectroscopic information on aro-
matic cations and their clusters is more limited. Ionization has
a dramatic impact on the structural, vibrational, electronic, and
chemical properties of the aromatic ion and also its interaction
with surrounding ligands [3-13]. Popular techniques to obtain
high-resolution spectra of size-selected aromatic cluster ions are
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derived from resonance-enhanced multiphoton photoionization
(REMPI), when combined with infrared (IR) and electronic pho-
todissociation [3,6,13-15], or threshold ionization techniques, such
as zero-kinetic-energy photoelectron spectroscopy [5,7], mass-
analyzed threshold ionization (MATI) [5,8], and photoionization
efficiency measurements [16].Inan alternative approach, the open-
shell aromatic ions can be generated right away in an ion source,
e.g., by electron impact or discharge, and then directly be probed
by IR and electronic photodissociation [3,11,17-20].

The present work reports IR and electronic spectra of cold
clusters of the para-dichlorobenzene cation (p-CgH4Cly*, pDCB*,
Fig. 1a) generated in an electron impact plasma expansion source,
which are obtained via photodissociation in a tandem mass spec-
trometer [21]. This approach has successfully been applied to
record IR spectra of a variety of aromatic cluster ions [11], includ-
ing benzene [3,20,22-26], several benzene derivatives (e.g., toluene
[24], phenols [6,27-30], aniline [31,32], fluorobenzene [33]), sub-
stituted polycyclic aromatic ions (naphthole [34]), and heterocyclic
ions (e.g., imidazole [35] and indole [36]). In combination with
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Fig. 1. Structures of pDCB* (a), pDCB*-Ar (b), pDCB*-N; (c), pDCB*-H,0 (d and e), and (pDCB),* (f and g) obtained from B3LYP calculations. Binding energies are given in

cm~'. The experimental binding energy for pDCB*-Ar is taken from Ref. [67].

quantum chemical calculations, these studies yielded detailed
insight into fundamental properties of the intermolecular poten-
tial, such as the preferred ion-ligand binding motif (H-bonding
or m-bonding), the interaction strength, and the dependence of
the potential on the charge state, the substitution of functional
groups, the type of ligand (polar and nonpolar), and the degree
of microsolvation. More recently, this approach has been extended
to electronic spectroscopy [3,20,21] in order to explore the effects
of electronic excitation on the interaction of aromatic cluster ions.
There are only a few ionic aromatic clusters characterized so far by
electronic spectroscopy [3,15,17,20,37-42], and the spectra pro-
vide information about the effect of the charge distribution on the
intermolecular potential, as well as the chemical composition and
reactivity of the cluster ions.

The present work reports IR spectra of pDCB*-L, with L=Ar
(n=1-7) and H,0 (n=1) and (pDCB),*-Ar, with n <2 recorded in
the C-H stretch range (2800-3200 cm~1) as well as electronic spec-
tra of the B 2Bs,, < X 2By transition of pDCB*-L with L=Ar, N3, and
H,0inthe 500 nmrange. The IR spectra of pDCB*-Ar;, provide a first
impression of pDCB* microsolvated in a nonpolar solvent. The spec-
tra are independent of the degree of Ar solvation and yield for the
first time experimental information about the C-H stretch frequen-
cies of bare pDCB*. It turns out that, in contrast to related aromatic
ions [22,24,35,43-45], the pDCB* spectrum in this spectral range
is heavily complicated by the occurrence of a variety of intense
combination bands. Their assignment required a detailed quantum

chemical study of the structural and vibrational properties of pDCB*
in its 2B,g ground electronic state, which gave rise to a substantial
reassignment of modes in the fingerprint range identified previ-
ously by IR, Raman, and MATI spectroscopy [46-48]. Comparison
with the corresponding data of neutral pDCB [46,49-53] reveals
the effects of ionization on the structural and vibrational proper-
ties of pDCB. The analysis of recent IR spectra of pDCB*—(H,0),
with n=1 and 2 in the O-H stretch range demonstrated that
microhydration of pDCB* proceeds along two competing routes,
namely interior ion solvation and the formation of a hydration net-
work with pDCB* on the surface [21]. The pDCB*-H,0 spectrum
is consistent with a charge-dipole structure, although the exact
binding site of H,O (H-bonding or m-bonding, Fig. 1) could not be
established from the O-H stretch spectrum by comparison with
quantum chemical calculations. The present analysis of the C-H
stretch range is indicative of the observation of a m-bonded isomer.
Homodimers of aromatic cations are interesting molecular species,
as they may have either symmetric configurations (e.g., benzene
[37,54-56]), giving rise to strongly-bound charge-resonance struc-
tures featuring the onset of chemical bonding, or asymmetric
geometries, leading to electrostatically bound ion-neutral com-
plexes (e.g., phenol [6,7,57]). Although no spectroscopic, mass
spectrometric, and theoretical information appears to be available
for (pDCB),", it probably adopts a charge-resonance structure in its
ground electronic state, similar to the related homodimer cations
of benzene, (Bz),* [37,56], and para-difluorobenzene, (pDFB),*
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[58,59]. For the latter complexes, low-lying electronic transitions
in the photodissociation spectra confirmed that they have sym-
metric sandwich-type geometries with equivalent monomer units
equally sharing the positive charge [37,58]. Their relatively high
binding energies of 0.65-0.9 eV [54,60-62] and 0.7 eV [58] confirm
this view. Due to their large binding energy, IR photodissocia-
tion spectra of aromatic homodimer cations are usually broad and
unstructured [17]. The present (pDCB),*-Ar, spectra provide for
the first time a highly resolved IR spectrum of a cold aromatic
homodimer cation, offering the opportunity to analyze the effects
of the charge-resonance on the vibrational spectrum. Comparison
of the electronic spectra of the B <X transition of the pDCB*-L
dimers with L=Ar, N5, and H,0 [21] with the monomer spectrum
[63] unravels the effects of microsolvation of pDCB* with polar and
nonpolar ligands on its electronic structure. At the same time, it
provides information on the effect of electronic excitation on the
intermolecular interaction.

Previous spectroscopic work on the vibrational properties in the
232g ground electronic state of pDCB* relevant for the present work
is available from MATI [64] and photoelectron spectroscopy in the
gas phase [65], as well as IR and Raman spectra in rare gas matrices
[46,47]. The high-resolution vibronic spectrum of the B <- X tran-
sition of pDCB* was recently recorded via two-photon dissociation
in a cryogenic ion trap [63]. The assignments of the electronically
excited states was confirmed by recent high-level ab initio cal-
culations [66]. Previous spectroscopic and theoretical information
about pDCB*-L dimers is restricted to the recent IR and electronic
spectra of pDCB*-H, 0 discussed above [21], as well as a MATI spec-
trum of pDCB*-Ar [67]. The latter provides a binding energy of
Dg=617+40cm™! for pDCB*-Ar in the 2B2g ground state and is
indicative of a -bound equilibrium structure with C,, symmetry
(Fig. 1b). Vibrational frequencies and assignments for neutral pDCB
are available from IR and Raman spectroscopy [46,49-53].

2. Experimental and theoretical methods

IR and electronic photodissociation spectra of pDCB*-Arp,
(pDCB),*-Ary,, pDCB*-N,, and pDCB*-H,0 clusters are recorded
in a tandem quadrupole mass spectrometer coupled to an elec-
tron impact ionization source and an octopole ion guide [11,68].
The weakly bound clusters are generated in a pulsed supersonic
plasma expansion by electron and/or chemical ionization of pDCB
close to the nozzle orifice and subsequent clustering reactions in
the high pressure regime of the expansion [21]. The expanding gas
mixture is produced by passing either Ar or N, buffer gasat 5-10 bar
stagnation pressure through a reservoir filled with pDCB heated to
~320K. pDCB has been purchased from Aldrich (>99% purity). To
generate pDCB*-H,O0, the carrier gas is passed through a reservoir
filled with water at room temperature before entering the pDCB
reservoir [21]. The typical working pressure in the source chamber
and in the octopole ion trap are 10~> and 10~8 mbar, respectively.

A typical mass spectrum of the ion source using Ar carrier gas
is shown in Fig. 2 for the mass range 10-450 u. The mass spectrum
is dominated by X*-Ary, cluster series with X=Ar, pDCB, (pDCB),,
and H,O. The asterisks indicate the major fragment ions of pDCB*
upon electron ionization, corresponding to the loss of one and
two Cl atoms [69]. The assignment of the mass peaks containing
pDCB molecules are confirmed by the characteristic isotope pattern
expected for the natural abundance of 3°Cl and 37Cl of 76 and 24%,
respectively. Only the monoisotopic (pDCB),*-L; clusters (p=1, 2)
were studied spectroscopically and theoretically. In general, the
abundance of pDCB*-L; clusters decreases rapidly with increasing
cluster size, consistent with the formation of weakly bound clusters
by sequential addition of individual ligands to the molecular ion
[11,30]. For example, although the relative intensities of pDCB*-Ar,
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Fig. 2. Mass spectrum of the electron impact cluster ion source for an expansion of
pDCB in 7 bar Ar. Major peaks are assigned to the X*-Ar, cluster series with X=Ar,
pDCB, and H,0. The arrow indicates the peak of (pDCB),*. The asterisks indicate the
major fragment ions of pDCB* upon electron ionization, corresponding to the loss
of one and two Cl atoms. The spectrum in the lower trace is vertically expanded by
a factor of 100.

with n=1 and n="7 in Fig. 2 are only 5 and 0.05% of that of pDCB*,
respectively, IR spectra with respectable signal-to-noise ratios can
be obtained for these clusters, demonstrating the high sensitivity
of the experimental approach.

The pDCB*-L, ions of interest are mass selected by the first
quadrupole and irradiated in an adjacent octopole with a tunable
laser pulse. The latter is generated by an IR optical parametric
oscillator (IR-OPO) or by a dye laser to record IR or electronic spec-
tra, respectively [21]. Both lasers were pumped by a Q-switched
nanosecond Nd:YAG laser. The IR-OPO laser is characterized by
a pulse energy of ~10m] in the 2700-3300cm™! range, a repeti-
tion rate of 10 Hz, and a bandwidth of 1 cm~!. Calibration of the IR
laser frequency is accomplished by comparing atmospheric water
absorptions along the IR laser path with the published spectrum
[70]. The dye laser is operated at 20 Hz with Coumarin 307 and cal-
ibrated with a wavemeter. The typical pulse energy employed is of
the order of 1 mJ. Resonant excitation into vibrational or vibronic
resonances induced evaporation of one or several ligands, accord-
ing to:

pDCB*-L, + hv— pDCB*-Ly, +(n—m)L (1)
(pDCB);*=Arp + hv— (pDCB), " + nAr (2)

In the case of vibrational excitation, the rupture of the weak
intermolecular bonds is the only fragment channel observed. For
electronic excitation of pDCB*-L, also fragment ions of pDCB* are
detected as a minor channel. The generated fragment ions are
selected by the second quadrupole and monitored as a function
of the laser frequency to obtain the IR and electronic photodis-
sociation spectra of the corresponding parent clusters. As an
example, Fig. 3 shows the mass spectra obtained by mass select-
ing pDCB*-Ar4 (m =306 u) with the first quadrupole and scanning
the second one without excitation (a), with resonant IR excitation
at 3107cm! (b), and with collisional activation (c). For the lat-
ter process, the octopole is filled with N, up to 10~> mbar, which
results in collisions with ~10eV collision energy in the labora-
tory frame. The mass spectrum (a) reveals little fragmentation into
the m =3 fragment channel arising from metastable decay (MD) of
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Fig. 3. Mass spectra obtained by mass selecting pDCB*-Ar,4 (m =306 u) with the first
quadrupole and scanning the second one without excitation (a), with resonant IR
excitation at 3107 cm~! (b), and with collisional activation (c). The mass spectrum
(a) reveals fragmentation into pDCB*-Ar,, with m=0-3 arising from metastable
decay (MD), whereas spectra (b) and (c) display additional fragmentation arising
from laser-induced (LID) or collision-induced dissociation (CID), respectively. Mass
spectra (d) and (e) are obtained by mass selecting pDCB*-Ar (m=186u) with the
first quadrupole and scanning the second one without excitation and with resonant
electronic excitation at 19,606 cm~!, respectively. The asterisks indicate fragment
ions with m=111 and 76 u arising from to the elimination of one and two Cl atoms
from pDCB*.

hot n=4 parent clusters in the octopole region. Spectra (b) and (c)
display additional fragmentation arising from laser-induced (LID)
or collision-induced dissociation (CID), respectively. Both the LID
and the CID fragments arise from the loss of up to all four Ar lig-
ands and confirm the identification of the m=306u mass peak
as pDCB*-Ar,4. However, there is a qualitative difference between
the LID and CID spectra of pDCB*-Ar,. While collisions generate
a broad distribution of fragment ions (here m=0-3), LID leads to
a narrow range of fragment channels (here only m=0). The latter
information can be used to estimate the binding energies of the
ligands (vide infra). Fig. 3 also shows the mass spectra obtained by
mass selecting pDCB*-Ar (im =186 u) with the first quadrupole and
scanning the second one without excitation (d) and with resonant
electronic excitation at 19,606 cm~! (e), respectively. In contrast to
IR excitation in the ground electronic state, electronic excitation
can also induce dissociation of pDCB* via absorption of more than
one photon [63], leading to fragment ions with m=111 and 76y,
corresponding to the loss of one and two Cl atoms, respectively [69].
To separate the contribution of MD from that of LID, the ion source is
triggered at twice the laser frequency, and signals from alternating

triggers are subtracted. This procedure compensates for slow vari-
ations of parent ion currents generated in the ion source. Although
the IR spectra are not normalized for laser intensity fluctuations,
the relative intensities of widely spaced bands are believed to be
accurate to within a factor of two, mainly due to the changes in the
spatial overlap between the IR laser and ion beams.

The geometry and vibrational frequencies of pDCB, pDCB*, and
(pDCB),* are characterized at the B3LYP/6-311++G** level [71] in
order to support the vibrational assignment and to investigate the
effects of ionization and dimerization on the structure and the IR
spectrum. Harmonic frequencies are scaled by a factor of 0.9656 and
0.9824 for frequencies above and below 2000 cm™1, respectively,
to optimize the agreement between the calculated and the mea-
sured frequencies of pDCB* (vide infra) [46,48]. Such a dual scaling
factor procedure accounts for the rather different anharmonicity
of hydrid stretch modes and skeletal vibrations in the fingerprint
range [72]. Calculations at the UMP2 level yielded several unreal-
istic vibrational frequencies and IR intensities for pDCB*, probably
arising from significant spin contamination. The failure of the UMP2
method for pDCB* prevented reliable calculations for the pDCB*-Ar
and pDCB*-N, interaction. As dispersion forces are relevant for this
interaction, also the B3LYP technique is not suitable. Consequently,
reliable calculations have been restricted to pDCB, pDCB*, and the
(pDCB),* dimer.

3. Results and discussion
3.1. Infrared spectra

3.1.1. pDCB*-Ary

Fig. 4 compares the IRPD spectra of pDCB*-Ar,, recorded in the
C-H stretch range by monitoring the pDCB*-Ary, channel (indi-
cated as n— m). All spectra are similar in appearance in terms of
band positions, band shapes, and widths. In total, eight transitions,
labeled A-H, are readily observed in the spectral range investigated,
2750-3250cm™!. The positions and suggested vibrational assign-

i\
1 1 1 1 1 1
2800 2900 3000 3100 3200
v em™ 1]

Fig. 4. IRPD spectra of pDCB*-Ar, recorded in the dominant pDCB*-Ar,, fragment
channel (indicated as n — m). The positions and assignments of the transitions
observed (A-H) are listed in Table 1.
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Table 1
Positions (in cm~!) and suggested assignments of the transitions (A-K) observed in the IR spectra of pDCB*-Ar and pDCB*-H,O (Figs. 4 and 7).2.
A B C D E F K G H
L=Ar v[em] 2851 2874 3019 3029 3038 3047 3095 3107
L=H,0 v[em™] 2845 2868 3015 n.r.” 3033 3038 3067 3086 3102
Assignment V11 + Vo4 =2849 V1g +Vpq =2872 vy + V19 =3067 V10 V1ig
Vy +120=2910 vy +v11 =3044

V11 + V12 + V29 =3020
2v12 + V8 =3024
vy +vg + 111 =3033

2 A detailed list of all peak positions of pDCB*-Ar, with n=1-7 is available in Table T1 in Supporting Information.

b Not resolved.

ments are listed in Table 1. The vibrational frequencies are nearly
independent of the cluster size n, with differences of less than
+4cm~! in the size range investigated (n < 7). Moreover, the rela-
tive IR intensities for most of the transitions are very similar (vide
infra). As Ar solvation has essentially no impact on the IR spectrum
of pDCB*, the pDCB*-Ar,, spectra provide a very good approxima-
tion to the IR spectrum of the bare ion in its ground electronic
state (messenger technique [14,24,26,73]). The observed features
must clearly be attributed to intramolecular vibrational modes
of pDCB* and cannot arise from other sources, including inter-
molecular vibrations and rotational or other substructure (band
heads, etc.). The width of the transitions is typically 2-4cm~! and
attributed to a combination of unresolved rotational substructure
and the limited laser bandwidth (~1cm1). As a general trend, the
widths decrease slightly with increasing n, as the larger clusters
are slightly colder and have smaller rotational constants [74-76].
Although the IR spectra of pDCB*-Ar, do not provide any infor-
mation about their structure, the dimer is supposed to have a
m-bonded geometry with Cy, symmetry (Fig. 1b) [67], and larger
clusters are derived by further solvation of pDCB* above and below
the aromatic plane.

The planar pDCB* cation has Dy, symmetry in its szg ground
electronic state. Thus, only two out of the four possible C-H stretch
fundamentals are IR active (vide infra), and these are expected
to provide the only contribution to the IR spectrum in the spec-
tral range investigated in the harmonic oscillator approximation.
However, the experimental pDCB* spectrum displays as many as
eight transitions with measurable IR intensity. In this respect, the
IR spectrum of pDCB* is more complex than those of related aro-
matic cations, e.g., benzene* [22,24,26,43], fluorobenzene* [33] or
protonated benzene derivatives [19,44,45,77-81].

In order to aid the vibrational assignments, the geometry and
vibrational spectrum of pDCB* have been calculated at the B3LYP/6-
311++G** level. To unravel the effects of ionization on the structure
and vibrational frequencies, the corresponding data of the neutral
species are also evaluated at the same theoretical level. Table 2
summarizes the structural parameters obtained for pDCB* and
pDCB in their ground electronic states. Table 3 lists all calculated
fundamental frequencies of pDCB* and pDCB, along with their sym-
metry species and IR intensity, as well as experimental frequencies
available from IR, Raman, and MATI spectra [46,48]. We employ the

Mulliken notation for normal modes and the transformation to the
alternative Wilson notation may, for example, be found in Ref. [48].
pDCB* has Dy, symmetry and, with the z-axis passing through the
Cl atoms and the x-axis being perpendicular to the molecular plane,
the symmetry species of the 30 normal modes transform according
to 6ag +bqg +3byg +5b3g +2ay +5byy + 5byy +3byy [51]. The normal
modes can be classified in four C-H stretches, in-plane and out-
of-plane bends (4ocy, 4BcH, 4Ycu), two C-Cl stretches, in-plane
and out-of-plane bends (20¢cy, 2Bcc1» 2Yca), four C-C and ring
stretches (4o ¢c 4 ring), and one in-plane and two out-of-plane C-C
bends (Bcc, 2Ycc)- The IR allowed vibrations are those with by,
bsy, and bz, symmetry, i.e. the fundamentals vig—Vv14, V1g-V22, and
V28-V30. Raman active vibrations are those with gerade symmetry,
i.e. the fundamentals v{-vg, Vg, V15-V17, and vy3-Vv7. The vibra-
tions accessible by MATI spectroscopy depend on the choice of the
intermediate state [48].

pDCB has the electronic configuration (3b3y)?(1byg)?
(3bgg)?(11ag)°(7byy)° --- in its TAg ground electronic state and
ionization corresponds to removal of an electron from a bonding
aromatic w-orbital of by symmetry, leading to the 2By, ground
electronic state of pDCB*. As noted previously [48,64,66], ioniza-
tion induces a significant contraction of the C-Cl bonds (C1-Cl), an
elongation of the adjacent C-C bonds (C1-C2), and a contraction
of the next C-C bonds (C2-C3), leading to an overall expansion of
the aromatic ring (see Fig. 1a for the atom numbering). At the same
time, the C-H bonds slightly elongate on ionization (Table 2).

The structural changes induced by ionization directly translate
into modifications of the vibrational frequencies. For example, the
occ frequencies vg and v14 increase due to the contraction of the
C-Cl bonds. In addition, the o¢c frequencies involving stretching
of the C1-C2 and C4-C5 bonds (v11, v24) substantially drop in fre-
quency, whereas those involving stretching of the C2-C3 and C5-C6
bonds (v, v19) increase significantly. Interestingly, all C-H stretch
frequencies increase upon ionization by 8-12cm~1, although the
C-H bonds get slightly longer. This apparent inconsistency is ratio-
nalized by a simultaneous change in the HCC bond angles by 1°,
leading to a slight Duschinsky rotation of the normal coordinates.

As the Ar ligands interact only weakly with pDCB*, the same
(near) symmetry group and selection rules as for the pDCB*
monomer (D,;,) are also applied for pDCB*-Ary,. The fact that the
IR spectra of pDCB*-Ar, in Fig. 4 are quite independent of the

Table 2

Structural parameters (distances in A, angles in degrees) of pDCB*, pDCB, and (pDCB),* in their ground electronic states evaluated at the B3LYP/6-311++G** level (Fig. 1).
C1-Cl C1-C2 C2-C3 Ring? C1-H c1c2C3 C6C1C2 HC2C3

pDCB* (?Byg) 1.6931 1.4228 1.3689 8.4290 1.0826 119.3 1214 121.1
pDCB (1Ag) 1.7567 1.3914 1.3928 8.3512 1.0824 119.5 121.0 120.3
AP —-0.0636 +0.0314 —-0.0239 +0.0778 +0.0002 -0.2 +0.4 +0.8
(pDCB),* (pd) 1.7247 1.4073 1.3806 8.3910 1.0824 1194 121.2 120.7
1.7204 1.4076 1.0824 121.1 120.7
(pDCB),* (sw) 1.7223 1.4070 1.3807 8.3894 1.0825 119.4 121.1 120.7

a Circumference of carbon ring.
b Difference upon ionization.
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Table 3
Calculated and experimental vibrational frequencies (in cm~!) of pDCB* and pDCB in their ground electronic states evaluated at the B3LYP/6-311++G** level.
Symmetry Mulliken Mode pDCB* pDCB* pDCB pDCB Ag Ag
B3LYP? Exp B3LYP? Exp® B3LYP Exp
ag vy OcH 3108 (0) 3099 (0) 3072 +9
V2 occ 1606 (0) 1598¢ 1586 (0) 1574 +20 +24
V3 Beu 1201 (0) 1189¢ 1176 (0) 1169 +25 +20
Vg4 Ring 1096 (0) 1113¢ 1081 (0) 1096 +15 +17
Vs Ring 754 (0) 758 741 (0) 747 +13 +11
Ve Occl 330(0) 334P, 330¢ 323(0) 328 +7 +6, +2
ay V7 YeH 979 (0) 951 (0) 951 +28
Vg Bec 360 (0) 357%b 412 (0) 405 -52 —48
big Vg YcH 786 (0) 809 (0) 815 -23
b1y Vio OcH 3097 (6) 30954 3085 (1) 3078 +12 +17
Vi1 occ 1438 (227) 1429¢ 1479 (109) 1477 -41 —48
V12 Ring 1097 (290) 1110¢ 1081 (112) 1090 +16 +20
Vi3 Beu 984 (17) 986°¢ 1007 (62) 1015 -23 -29
Vig Ocal 568 (45) 530 (41) 550 +38
bog Vis YcH 963 (0) 935 (0) 934 +28
Vie Yec 676 (0) 713 (0) 687 -37
V17 Yeal 239 (0) 291 (0) 298 -52
bay Vig OcH 3106 (32) 31074 3098 (1) 3087 +8 +20
Vig occ 1461 (40) 1394 (6) 1394 +67
V20 acc 1304 (10) 1283 (0) 1220 +21
V21 Beu 1123 (8) 1105 (6) 1107 +18
V22 Bca 231(2) 218"P 217 (1) 226 +14 -8
bsg V23 OcH 3097 (0) 3086 (0) 3065 +11
V24 Occ 1411 (0) 1584 (0) 1577 -173
V25 Bcu 1264 (0) 1294 (0) 1290 -30
V26 Ring 581 (0) 573P 629 (0) 626 —48 -53
Va7 Bca 356 (0) 354P 352(0) 350 +4 +4
b3y Vg YcH 830 (63) 843¢ 814 (59 819 +16 +24
V29 Yee 485 (15) 422°b.f 489 (18) 485 -4
V30 Yea 81(1) 99 (0) 122 -18

2 IR intensities (in km/mol) are listed in parentheses.

b Frequencies from MATI spectra are taken from Ref. [48]. Frequencies marked by an asterisk are derived from first overtones.
¢ Raman (v, v3, Vs, vg) and IR frequencies (vy1, V12, V13, V2g) in an Ar matrix are taken from Ref. [46]. The 986 cm~! mode is reassigned from v,; to vy3. The 1110cm™!

mode is reassigned from vy3 to vya.
d Frequencies from IR spectrum of pDCB*-Ar (present work).
¢ Taken from a compilation in Ref. [46].
f Probably wrong assignment (see text).
¢ Difference upon ionization.

number of Ar ligands supports this conclusion, although minor
intensity variations of some bands (e.g., A and D) may be due to
small effects induced by symmetry reduction upon complexation.
Fig. 5 compares the experimental IR spectrum of pDCB*-Ars in the
C-H stretch range with that calculated for pDCB* at the B3LYP level.
The pDCB*-Ars spectrum has been chosen, as it resembles closely
the one of pDCB* and displays the best signal-to-noise ratio. Fig. 5
also compares the pDCB*-Ars spectrum with that of pDCB taken
from the NIST database [53], as an IR spectrum of pDCB measured in
amolecular beam appears not to be available. While the pDCB*-Ars
spectrum approximates a cold pDCB* spectrum, the latter one is
taken in an absorption cell at room temperature leading to much
broader bands.

The four C-H stretch fundamentals ocy of pDCB* are v;(ag),
v10(b1y), v1g(bau), and vo3(bsg) with calculated frequencies of 3108,
3097,3106,and 3097 cm~!, respectively. They occur all in a narrow
frequency interval of 11cm~!. Moreover, only vy and vqg are IR
active with calculated intensities of 6 and 32 km/mol, respectively.
Inspection of Fig. 5 suggests that the experimental transitions H
and G occurring at 3107 and 3095 cm~! should be assigned to vqg
and v, respectively, on the basis of the excellent agreement of
their frequencies and relative IR intensities with the theoretical
predictions. In fact, as these assignments have been used to derive
the scaling factor of 0.9656 for the C-H stretch modes, the agree-
ment of the frequencies may not be surprising. On the other hand,
the calculations predict a blueshift of ~10cm~! for all ¢cy modes
upon ionization, in good agreement with the experimental shifts of
~20cm~! (Fig. 5 and Table 3). Moreover, the C-H stretch frequen-
cies of pDCB* are close to the single C-H stretch band observed for

IRPD pDCB*-Ars

NIST pDCB
Vig
B3LYP WOI pDCB*
Vio||V1s
B3LYP x 30 pDCB
27’IOD I 28IOO I 29'00 l SOIOO I 31IOO . 32IOO I 33IOO
v [em=1]

Fig. 5. IRPD spectrum of p-DCB*-Ars in the C-H stretch range (Table 1) compared
to the IR absorption spectrum of neutral pDCB (Ref. [53]) and IR stick spectra of
pDCB* and pDCB calculated at the B3LYP/6-311++G** level. The latter one is ver-
tically expanded by a factor of 30. While the pDCB*-Ars spectrum approximates
a cold pDCB* spectrum, the pDCB spectrum was recorded in an absorption cell at
room temperature leading to broader bands.
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CeHg* near 3095 cm~! [26], indicating that double Cl substitution
in para position has little impact on the C-H bond properties of
the aromatic cation. Finally, it is noted that the intensities of the
IR active C-H stretch modes of the pDCB™* radical cation are much
higher (up to a factor 30) than those of the neutral molecule (Fig. 5
and Table 3).

The assignment of the transitions A-F in the 2850-3050 fre-
quency range of the IR spectra of pDCB*-Ar, cannot be to C-H
stretch fundamentals. They are rather due to combination bands
of skeletal ring modes. It was noted previously [50] that also the IR
spectrum of neutral pDCB is complicated in the C-H stretch range
by such transitions, as is evidenced by the NIST spectrum repro-
duced in Fig. 5. However, a firm assignment of the IR spectrum of
pDCB in this frequency range is not available. Moreover, if avail-
able it cannot readily be transferred to the cation spectrum due
to the changes in frequencies and IR intensities upon ionization.
Thus, in an effort to derive reasonable assignments for these transi-
tions, we considered the theoretical frequencies and IR intensities
for pDCB*, along with appropriate symmetry selection rules and
experimentally available data. In order to determine a suitable scal-
ing factor for the skeletal modes with frequencies below 2000 cm!,
which is required for an accurate prediction of combination bands,
we fitted the harmonic frequencies calculated at the B3LYP level
to experimental ones available from IR, Raman, and MATI spec-
troscopy [46,48] in a linear regression. This fit yields a scaling
factor of 0.9824, which produces deviations of less than 17 cm~!
between scaled and experimental frequencies for 13 modes. In
order to achieve this result, we had to substantially modify the
previous vibrational assignments of pDCB* by reassigning two IR
active modes (v13, v13) and rejecting one assignment from MATI
spectroscopy (vag). Szczepanski et al. [46] observed four IR funda-
mentals of pDCB* in an Ar matrix at 843,986, 1110, and 1429 cm™!
and assigned them to v,g, V51, V13, and v11 on the basis of ROHF/6-
31G calculations. Inspection of Table 3 reveals that the assignments
of the 986 and 1110cm~! bands must be changed to vi3 and v,
on the basis of the present higher-level calculations. This reassign-
ment is much more consistent with the calculated IR intensities and
reduces the frequency errors drastically from 137 and 126 cm~! to 2
and 13 cm™!, respectively, which are compatible with the errors for
the other fundamentals (<17 cm~1). Finally, the large discrepancy
between the calculated frequency for v,g and the value derived
from the MATI spectrum (485 and 422 cm~! [48]) suggests that
this assignment is also incorrect.

In a first step, it seems reasonable to try an assignment
of the six bands A-F to combination bands involving only
two vibrational quanta [50]. The only possibilities with the
correct symmetry are the following five combination bands
involving two quanta of various C-C stretch modes (occ),
namely vy +v19(bp,)=3067cm™!, vy +v11(byy)=3044cm™ !,
Vy +v29(b2y)=2910cm ™1, V19 +Vp4(2g)=2872cm 1, and
V11 +v24(b1y)=2849cm~1. The latter theoretical frequencies
ignore cross anharmonicities, which probably will slightly reduce
the frequencies. Besides being in the correct frequency range,
the C-C stretch modes are bound to couple and at least one of
the two components is a strongly IR active fundamental. On the
basis of their calculated frequencies, bands A and B at ~2850 and
~2875cm~! are assigned to vi1+vy4 and vig+vy4 (or possibly
vy +Vyg), respectively. Furthermore, two of the four bands C-F
between 3020 and 3050 cm~! are attributed to v, + vy1 and vy + vy,
respectively. The other two transitions must involve combination
or overtone bands, involving at least three quanta. Two such com-
binations involving only IR active fundamentals are, for example,
2v12 +vyg(bszy)=3024 cm~! and V11 + V12 + Vg(b3y)=3020 cm™1,
One option for a further triple is v, +vg+vq1(b1y)=3033cm1.
A firm assignment of these transitions requires, however, a reli-
able prediction of the IR intensity of overtone and combination

Table 4

Photofragmentation branching ratios (%) of pDCB*-Ar, clusters dissociating into
pDCB*-Ary, for the two vibrational resonances at around 2874 and 3107 cm~! (bands
B and H).

n Band m=0 m=1 m=2 m=3
1-4 H 100 0 0 0
B 100 0 0 0
5 H 100 0 0 0
B 80 20 0 0
6 H 40 60 0 0
B 0 100 0 0
7 H 0 30 60 10
B 0 0 100 0

bands [82,83], which is clearly beyond the scope of the present
work.

The photofragmentation branching ratios of pDCB*-Ar, clusters
obtained by resonant excitation at 3110 and 2880 cm~! are sum-
marized in Table 4. The 3110cm~! transition (band H) is assigned
to the C-H stretch fundamental v, whereas the 2880 cm~! transi-
tion (band B) is attributed to a combination of intramolecular C-C
stretch modes, probably vig + v54. According to Eq. (1), several frag-
ment channels m are possible for n>1, and the ratio sensitively
depends on the cluster size and the photon energy. Previous stud-
ies on related cluster ions using the present experimental setup
demonstrated that, for a given parent cluster isomer, the range of
observed fragment channels is rather narrow, i.e. fragment ions are
observed in one or two dominant fragment channels[11,68,84-86].
This conclusion also holds for pDCB*-Ar;, (Fig. 6 and Table 4). For
example, excitation of pDCB*-Arg at 2880 cm~! (band H) produces
exclusively pDCB*-Ar fragments (loss of 5 Ar ligands), whereas
excitation at the slightly higher-frequency transition at 3110 cm~!
(band H) generates 30% pDCB* and 70% pDCB*-Ar, leading to the
average loss of 5.3 Ar ligands. The information on the branching
ratios can be used to roughly estimate the ligand binding energies,
assuming a simple statistical model for the evaporation process
after IR excitation, which is based on the following approxima-
tions [11]. (1) The absorbed photon energy (hvig) is available for
ligand evaporation from the clusterion. (2) All ligands are assumed
to be equivalent with roughly the same dissociation energy. (3)
The kinetic energy release as well as the difference in the inter-
nal energies of the parent and respective daughter clusters are
neglected. (4) Only single ligands are evaporated and no larger
oligomers. pDCB*-Ary, clusters up to n=>5 eliminate all five ligands
upon LID. Moreover, excitation of pDCB*-Arg and pDCB*-Ar; at
2880cm~! is sufficient to eliminate 5 but not 6 Ar ligands. This
observation yields an average binding energy of 530+50cm™!

m=5

b

m=1

m=0
(b) LID (3110 cm-1) j
b .

(a) LID (2880 cm1)

N PR |
0 50 100

|
150

200
m [u]

N 1
250

PP PR |
300

350

Fig. 6. Laser-induced dissociation (LID) mass spectra of pDCB*-Arg (m=386u) for
resonant excitation of the transitions B (a) and H (b) at 2880 and 3110 cm™!, respec-
tively. The mass spectra display fragmentation into pDCB*-Ar,, with m=5 arising
from metastable decay (MD) and m=0 and 1 arising from laser-induced dissociation
(LID).
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Fig. 7. IRPD spectra of pDCB*-H,0, pDCB*-Ar, (pDCB),*-Ar, and (pDCB),*-Ar; in
the C-H stretch range recorded in the pDCB* or (pDCB),* fragment channel. The
positions and assignments of the transitions observed (A-H, T-Z) are listed in
Tables 1 and 5.

per Ar ligand, a value which is consistent with the dissociation
energy of 577 cm~! <Dy <656 cm~! for pDCB*-Ar determined by
MATI spectroscopy [67]. Due to noncooperative three-body induc-
tion interactions, the Ar binding energy is expected to slightly
decrease for increasing number of Ar ligands occupying roughly
equivalent binding sites in the first solvation shell around an ionic
core [11,68,87-89].

3.1.2. pDCB*-H,0

Fig. 7 compares the IRPD spectrum of pDCB*-Ar with that of
pDCB*-H,0 reported previously [21]. While the Ar ligand binds
to the aromatic 7 electron system via dispersion and polariza-
tion forces with a dissociation energy of ~550cm~!, the H,O
ligand binds via much stronger charge-dipole forces to the pDCB*
cation (~2500cm~1) [21]. Due to their higher binding energy, the
pDCB*-H,0 complexes generated in the electron impact ion source
can possess more internal energy leading to broader transitions
in the IR spectra, with widths of ~15cm~!. Moreover, the tran-
sitions are similar in intensity and frequency but systematically
redshifted compared to those of pDCB*-Ar by 5-15cm~!. This
effect is again attributed to the higher internal temperature of the
pDCB*-H,0 complexes, which gives rise to sequence hot bands
occurring to slightly lower frequency as the fundamental frequen-
cies. The only transition in the pDCB*-H,0 spectrum, which does
not have an obvious counterpart in the pDCB*-Ar spectrum, is band
K at 3065 cm~!. It is not due to the overtone of the H,0 bend vibra-
tion, which occurs at 3152 cm~! for bare H,0 [90] and is predicted
to be blueshifted by complexation with pDCB* [21].

Two pDCB*-H,0 isomers with charge-dipole bonding and Cyy
symmetry were predicted at the B3LYP level [21]. In the H-bonded
isomer (Fig. 1e), the lone pairs of the O atom of H,O bind to H
atoms of two adjacent CH groups of pDCB*, whereas in the -
bonded isomer (Fig. 1d), the O atom interacts with the m-electron
system. At the B3LYP level, the H-bonded isomer is slightly more
stable than the w-bonded one, Dy =2525 and 2018 cm~! [21]. This
energy difference obtained at T=0XK is similar to the corresponding
free energy difference obtained for T=300K, implying that entropy
does not affect the energetic order of the two isomers. As both iso-
mers have similar IR spectra in the O-H stretch range, they could
not be distinguished by comparison with the experimental spec-
trum reported previously [21]. Also the C-H stretch frequencies
are rather similar for both isomers [21]. However, the IR intensity

Table 5
Positions (in cm~1) of the transitions observed in the IR spectra of (pDCB),*-Ar,
(Fig. 7).

T u \'% w X Y 7
n=1 2969 2973 2984 3035 3052 3067 3091
n=2 2969 2975 2983 3036 3054 3067 3090

of v1g (band H) of the H-bonded isomer is predicted to be enhanced
by a factor of 2.5 upon H-bonding, while the one of the -bonded
isomer is reduced by 25% [21]. As band H in the IR spectrum of
pDCB*-H,O0 has a slightly lower relative intensity than all the other
bands when compared to the pDCB*-Ar spectrum, it is likely that
the mr-bonded isomer is the dominant carrier of the pDCB*-H,0
spectrum, although it is calculated to be slightly less stable.

3.1.3. (pDCB),*-Ary

Fig. 7 compares the IRPD spectra of (pDCB),*-Ar, with n=1
and 2 in the C-H stretch range. Both spectra look very similar,
suggesting that Ar complexation has essentially no impact on the
appearance of the IR spectrum of bare (pDCB),* in this spectral
range. On the other hand, the (pDCB),* spectrum is rather dif-
ferent from those of pDCB and pDCB*, which is ascribed to a
charge-resonance structure of the dimer (vide infra). The transi-
tions observed in the spectra of (pDCB),*-Ar, are labeled T-Z, and
their frequencies are collected in Table 5.

Avariety of starting geometries have been used to locate minima
on the (pDCB),* potential, and only symmetric dimer structures
with equivalent pDCB units were obtained. The by far most stable
structures located have charge-resonance geometries. The lowest
energy isomer found has a parallel-displaced structure with Cyp,
symmetry and a binding energy of Dy =3904 cm~! (Fig. 1f). In this
isomer, the nearly planar pDCB molecules are separated by 3.5 A
and one Cl atom of one ring interacts with the 1 electron system of
the other ring. The parallel sandwich structure (Fig. 1 g) is similar to
that of (Bz),* [54,55]. It has a larger separation (3.8 A) and smaller
binding energy (Dg=3617cm!) than the parallel-displaced iso-
mer, probably due to Cl. . .Cl repulsion of the large Cl atoms [59]. A
sandwich dimer with the two rings rotated by 60° with respect
to each other around the ring axis, as found for (pDFB),* [59],
could not be obtained for (pDCB),* at the B3LYP/6-311++G** level.
The calculated binding energies of 0.48 and 0.45eV for the two
(pDCB),* isomers are somewhat lower than those derived for (Bz),*
(0.65-0.9eV [54,60-62]) and (pDFB),* (0.7 eV [58]), possibly as a
result of the displacement and/or the steric hindrance of the two
rings. However, the (pDCB),* interaction is in both (pDCB),* dimers
still significantly stronger than the strong ion-dipole bonds in the
pDCB*-H, 0 isomers (Fig. 1), again confirming the existence of the
charge-resonance in the former complexes. In general, all geomet-
ric parameters of the pDCB moieties in (pDCB),* are between those
of pDCB and pDCB* (Table 2), as expected for a charge-resonance
structure in which both units carry half of the positive charge. As
the spectra of (pDCB),*-Ar, with n=1 and 2 are quite similar, the
weak interaction with Ar is insufficient to break the symmetry of
(pDCB),* and to localize a significant amount of positive charge
asymmetrically on one of the two pDCB units.

The charge-resonance has a drastic effect on the calculated IR
spectrum of (pDCB),*, which differs dramatically from those of
pDCB and pDCB* with respect to both the vibrational frequencies
and the IR intensities, in particular in the fingerprint range (see
Fig. F1 in Supporting Information). This theoretical prediction is
confirmed by the large differences in the experimental IR spectra
of pDCB, pDCB*(-Ary), and (pDCB),*(-Ar,) shown in Figs. 5 and 7.
The (pDCB),* spectrum is not simply derived from an approxi-
mate addition of those of pDCB and pDCB*, again confirming the
charge-resonance structure of the dimer. For example, the bands



S. Chakraborty et al. / International Journal of Mass Spectrometry 297 (2010) 85-95 93

pDCB*-H,0O
pDCB*-N,
pDCB*-Ar
2 2
OO 61 26 8
17 51
pDCB*
L 1 L 1 1 L 1 L L 1 L 1 ]
19000 19500 20000 20500 21000
v [em™]

Fig. 8. Electronic photodissociation spectra of the B < X transition of pDCB*-Ar,
pDCB*-N3, and pDCB*-H,0 [21] monitored in the pDCB* channel compared to the
corresponding spectrum of bare pDCB* recorded in the Cl loss channel in a cryogenic
ion trap (10K) [63]. The asterisk indicates a hot band assigned to ve.

T-V of (pDCB),*-Ar, near 2970 cm~"! are not visible in the spec-
tra of pDCB*-Ar, and pDCB in the same spectral range. Similar to
pDCB and pDCB?*, the IR spectrum of (pDCB),* is complicated by
combination bands occurring in the C-H stretch range, and a reli-
able interpretation of the bands T-Z is not available at the present
stage. Possibly, band Z corresponds to the symmetric linear combi-
nation of the v{g C-H stretch fundamentals of the two pDCB units.
The experimental redshift of the order of 15cm~"! from the corre-
sponding band of pDCB* (band H) is larger than those of 3-4cm™!
predicted for the two (pDCB),* isomers (Fig. F1). The firm assign-
ment of the other bands has to await a sophisticated anharmonic
vibrational calculation [82], which is able to predict anharmonic
frequencies and IR intensities of combination bands and overtones.

3.2. Electronic spectra

The vibronic spectra of the B 2B3,, < X 2B, electronic transition
of pDCB*-L with L=Ar, N,, and H,0 [21] are compared in Fig. 8
with the corresponding spectrum of the pDCB* monomer recorded
in a cryogenic ion trap (at 10K) [63]. The transitions observed
are listed in Table 6, along with the vibrational assignment taken
from Ref. [63]. The similar appearance of all spectra readily facili-
tates the assignment and demonstrates that complexation has little
impact on the electronic and intramolecular vibrational properties
of pDCB* in the 2B3, electronic state. The overall intramolecular

Table 6

Maxima of the vibronic transitions (in cm~!) in the excitation spectra the B 2Bz, < X
ZBzg electronic transition of pDCB*-L with L=Ar, N;, and H,0 compared the those
of bare pDCB* (Fig. 8).

Peaks  pDCB*? pDCB*P pDCB*-Ar  pDCB*-N,  pDCB*-H,0
0° 19,622+2 19,212+12 19,606 19,621 19,673

A 0 —410 -16¢ -1¢ +51¢

Ve +320 +331 +338 +330 +335

2v17 +553 +584 +582 +595

2vg +638 +637 +665 +661 +666

Vs +737 +768 +766 +759

2vg +812 +851 +867 +879

2 Gas phase at 10K [63].
b From Ar matrix data (12 K) [46].
¢ Uncertainty £50cm™" (see text).

structure of the B «<— X transition is dominated by a progression in
the vg mode (~330cm~!, symmetric o) and the vs fundamental,
which is consistent with the geometry change predicted for pro-
motion of an electron from the lone pair of Cl to the aromatic
orbital.

In general, the widths of the transitions in the pDCB*-L dimer
spectra (~60, 130, and 80cm~! for the 0° band of L=Ar, N;, and
H,0) in Fig. 8 are much larger than those observed in the pDCB*
spectrum (~10cm™1) for several reasons. First, the (ro)vibrational
temperatures of the pDCB*-L dimers generated in the EI source
are much higher than that of pDCB* in the 10K trap. As the bind-
ing energy rises in the order Ar<N; <H,0, the degree of internal
excitation increases in the same order [25]. This conclusion is
supported by the hot band assigned to vg (~330cm~!) in the
pDCB*-H,0 spectrum (Fig. 8), which indicates a vibrational tem-
perature of ~200K [21]. Table 3 illustrates that pDCB* has in total
six modes in the ground state with frequencies below 400cm™1,
which may all contribute to the width via unresolved sequence
hot bands. A further contribution to the width comes from unre-
solved intermolecular vibrational structure. The three, five, and six
intermolecular modes of pDCB*-L with L=Ar, N5, and H,O have
calculated frequencies below 60, 100, and 400 cm™!, respectively.
The pDCB*-N, structure obtained at the B3LYP level adopts a -
bonded charge-quadrupole configuration, in which the N, ligands
approaches the C atom with the Cl substituent in a linear fashion at
aseparation of 3.6 A. Such an approach is favored by the anisotropy
of the electrostatic charge-quadrupole interaction as well as the
charge-induced dipole forces, which dominate the attraction in this
complex at long range [32,78,91]. The calculated binding energy of
173 cm~! is much lower than the values measured for related com-
plexes (500-1000 cm~! [78]), confirming that the B3LYP level does
not reliably describe the interaction strength in this complex.

Due to the broadening arising from spectral congestion, it is dif-
ficult to extract the exact positions of the 0° bands of the pDCB*-L
dimers. The values in Table 6 correspond to the maxima of the
bands, and the complexation-induced shifts of A=-16, —1, and
+51cm~! derived in this way are only accurate to within 50 cm™!.
In any case, these shifts are minor compared to the dissocia-
tion energies of the complexes (Fig. 1), indicating that electronic
excitation has only a minor effect on the intermolecular binding
energy. Although the 0° bands of pDCB*-Ar and pDCB*-N, dis-
play some reproducible regular structure, which may be assigned
to progressions of low-frequency intermolecular modes of the -
bonded complexes, the resolution of the spectra is insufficient for
a detailed analysis. However, the progressions are relatively short,
suggesting that the intermolecular geometry change induced upon
electronic excitation is not substantial. Thus, the intermolecular
interaction potential of all three dimers is hardly affected by elec-
tronic excitation, with respect to both the interaction energy and
the equilibrium geometry. This situation is similar to electronic
excitation of neutral pDCB-Ar and as well as ionization to the
ground electronic state [67]. Interestingly, the redshift of the 0°
band of the B < X transition of pDCB* induced by an Ar matrix is
A=-410cm~1[92], i.e. much larger than that generated by a sin-
gle Ar ligand. This is expected, as further Ar ligands added to the
first solvation shell around the pDCB™ core ion will cause additional
redshifts of similar magnitude.

The electronic spectrum of (pDCB),* in the spectral range
19,000-21,000 cm~! did not show any resolved structure on top of
a broad continuum. This is consistent with the charge-resonance
interaction of the homodimer predicted by the calculations, which
is supposed to induce large shifts in the electronic transitions
[37,58]. As the ionization energies [53] of the ligands L=Ar
(15.8eV), Ny (15.6eV), and H,0 (12.6eV) are well above that of
pDCB (8.9 eV), the positive charge in these pDCB*-L dimers is well
localized on the aromatic molecule, in line with the natural bond
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orbital analysis yielding positive charges of less than 0.02 e on the
ligands in pDCB*-L. As the pDCB* ion acts as the chromophore
of the B« X transition of pDCB*-L, the transition energies are
only slightly perturbed. On the other hand, the positive charge is
completely delocalized over the dimer in (pDCB),*, leading to a
substantial perturbation of the electronic structure and the result-
ing excitation spectrum, as well as a much stronger intermolecular
bond.

4. Concluding remarks

IR and electronic excitation spectra of clusters of pDCB* have
been obtained by vibrational and electronic photodissociation
spectroscopy. The IR spectra of pDCB*-Ar, and (pDCB),*-Ar;, in
the C-H stretch range of the ground electronic state display essen-
tially no shift as a function of the Ar cluster size and approximate
to high accuracy the hitherto unknown IR spectra of pDCB* and its
(pDCB),* homodimer (messenger technique [19,24,26,73,93]). In
addition to the two IR active C-H stretch fundamentals of pDCB*,
several intense combination bands are detected and assigned in
the 2800-3100 cm~! range via a detailed analysis of the structural
and vibrational properties of pDCB and pDCB* employing B3LYP/6-
311++G** calculations. This analysis yielded a reassignment of two
of the four IR modes known so far. The bond dissociation energy of
~550 cm~! for m-bonded pDCB*-Ar estimated from the photofrag-
mentation data is consistent with the value determined previously
by MATI spectroscopy. The IR spectrum of pDCB*-H,0 in the C-H
stretch range supports a m-bonded charge-dipole structure with
a dissociation energy of ~2000cm~!. The analysis of the IR spec-
trum of (pDCB),*, as inferred from the spectrum of Ar-tagged
species is indicative of a charge-resonance type interaction typical
for nonhydrogen-bonded aromatic homodimer cations. The elec-
tronic spectra of the B 2B3, < X 2By, transition of pDCB*-L with
L=Ar, Ny, and Hy0 near 500 nm display only small complexation
shifts, suggesting little change in the geometry and binding energy
of the intermolecular interaction upon electronic excitation. The
lack of a structured spectrum for (pDCB),* in this spectral range
confirms the charge-resonance geometry for this aromatic homo-
dimer. Future efforts aim at the search of the electronic spectrum
of (pDCB),* using a broadly tunable UV/vis OPO laser. Furthermore,
sophisticated vibrational calculations [82] are envisaged to predict
reliable anharmonic frequencies and IR intensities of overtone and
combination bands of pDCB* and (pDCB),*, which are required for
a detailed interpretation of the experimental IR spectra and a fun-
damental understanding of the effects of the charge-resonance on
the vibrational spectrum of aromatic homodimers.
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